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A. Faddegon et al, Experiment 

1. Experimental Methods. The most detailed set of the three bremsstrahlung calcula- 

tions described in this report were the MCNP simulations of the experiments of Faddegon et aZ.6s7 

These experiments provided bremsstrahlung spectra and integrated yields from thick targets of 

Be, Al, and Pb at angles of O”, lo, 2”, 4”, lo”, 30”, 60”, and 90” relative to the beam axis for elec- 

trons of 15 MeV incident energy. The spectra are absolute in the sense that they are in units of 

photons per incident electron. 

The bremsstrahlung yield, as defined by Faddegon, is the number of photons of energy E 

per unit energy from the target which reach a given point P in a vacuum per unit solid angle per 

electron incident on the target. The solid angle is defined from the point of intersection of the 

electron beam axis with the upstream surface of the target. The differential bremsstrahlung yield 

can be written 

(1) 

where the derivative term on the right hand side of the Eq. (1) is the number of photons with 

energy between E and E+dE which exit the target and reach point P per unit solid angle, and N, is 

the number of incident electrons. The integrated bremsstrahlung yield can be written 

where Eo is the low energy cutoff and E,, is the maximum photon energy in the spectrum, which 

is equal to the incident electron energy. Both the experiment and simulations used a low energy 

cutoff of 145 keV. 

The electron beam passed through a thin Ti exit window (0.013 cm) and a Si beam moni- 

toring detector (0.01 cm) prior to impinging on the target chamber. The targets were Pb (9.13 g/ 

cm2 thick, 17.95 g/cm2 radius), Al (9.74 g/cm2 thick, 9.81 g/cm2 radius), and Be (11.67 g/cm2 

thick, 6.72 g/cm2 radius) cylinders. The targets are thick for electrons but not for photons. The 

targets were surrounded by a stainless steel target chamber, except for the 30”, 60”, and 90” mea- 
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surements. There was an additional Al exit window downstream of the target. The photons then 

passed through a Pb collimator prior to being collected in a NaI detector. 

2. Monte Carlo Simulation Description. The Monte Carlo simulation was designed 

to match the experiment as faithfully as possible. See Appendix B. 1 and B.2 for sample MCNP 

input templates. The work of DeMarco,5 who performed a similar study using MCNP4A, was 

used extensively as a reference. The Al target exit window, side walls of the stainless steel target 

chamber, and Pb collimator were not included in the simulation since the published experimental 

results are corrected for these factors. The simulations were done in a vacuum, since the experi- 

mental data is also corrected for attenuation in air. The target dimensions corresponded exactly to 

the published values. The thicknesses for the Ti exit window and Si beam monitory system were 

taken from the published values, although the radial dimensions were estimated. Further uncer- 

tainty is introduced in modeling the stainless steel entrance window. In the MCNP model, the 

stainless steel was defined as 18% (weight fraction) chromium, 8% nickel, and 76% iron. This 

model was based on typical 304 stainless steel, neglecting the trace impurities. 

The bremsstrahlung yields were tallied using cell flux and detector flux tallies. The spec- 

tral data over individual energy bins were tallied, although the primary item of interest was the 

bremsstrahlung yield integrated over all energies. The tallies were multiplied by the source-to- 

detector distance (SDD) to convert the tally units from photons per cm2 to photons per steradian. 

The SDD of 300 cm is defined from the upstream surface of the target. The cell tallies were based 

on the union of two cones and two spheres, which forms an annular spherical region. An angular 

range of 0.5” and a radial thickness of 1 mm were used. Ring detectors were defined according to 

the SDD and a ring radius which reproduces the desired angle. Since the geometry is cylindri- 

cally symmetric, ring detectors were used rather than point detectors for maximum efficiency. 

The simulation geometry is shown in Fig. 1 for some arbitrary angle 8. 

Detector and cell flux tallies are calculated in fundamentally different ways. The cell tally 

for flux is a track length estimate, in which the time integrated flux is estimated by the summing 

WTfl where W is the particle weight, Tl is the track length of the particle in the cell, and Vis the 

cell volume. Conversely, a detector tally is a deterministic estimate of the flux at a point in space, 

or in the case of a ring detector tally, at a point sampled from some location on a ring. The detec- 

’ tor flux is calculated’ 
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i 
Electron Beam 

I Ti exit window 
- Si detector 

Spherical 
annular cell 
tally region 

Fig. 1. MCNP Simulation Geometry. 

cP(r, E, p) = wlf$ 
4 

, (3) 

where 2pQ.t) is the probability density function at CL, the cosine of the angle between the particle 

trajectory and the direction to the detector; R is the distance from the source or collision event to 

the detector; and 

which is the total number of mean free paths integrated over the trajectory from the source or col- 

lision event to the detector; I& is the total macroscopic cross section. 

The exponential term of Eq. (3) accounts for the attenuation between the present event and 

the detector point, and a 1/4ti2 term accounts for the solid angle effect. The p(p) term accounts 

for the probability of scattering toward the detector instead of the direction selected in the random 



walk. Each contribution to the detector can be thought of as transporting a “pseudoparticle” to the 

detector. 

In addition to the integrated bremsstrahlung yield, the mean energy of the spectra for sev- 

eral angles was calculated. This was done either by taking a flux-weighted average over individ- 

ual energy bins or by dividing a *F4 (energy times flux) tally by the F4 tally (flux) over the total 

energy bin. 

3. Results. The integrated bremsstrahlung yields for Pb, Al, and Be are presented in 

Figs. 2-4. These results were obtained using the default electron and photon settings in 

MCNP4B. Simulations for angles between 0” and 10” include the stainless steel entrance win- 

dow, whereas angles greater than 10” had no stainless steel window. These factors are consistent 

with the experiment. 

Lead Lead 
Experimental data, cell tally, and detector tally Experimental data, cell tally, and detector tally 

- cell 
A------.---A detector A------.---A detector 

10-* I I 
0 1 10 100 

Angle (degrees) 

Fig. 2. Integrated Bremsstrablung Yield vs Angle for Pb. 
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Figure 2 shows that the discrepancies between experiment and simulation are greatest for 

the forward directed angles and for 90”. It is interesting to note that the detector tally seems to 

track the experiment better than the cell tally, even though more detailed physics is used for the 

cell tally for electron photon problems (see Sec. 4.1). The largest difference between experiment 

and simulation is 16% at 90” for cell tallies, and 13% at 90” for detector tallies. The error bars for 

the 0” and 90” simulations were generally the largest, because of the low intensity at 90” and 

smaller for the solid angle at 0”. Table I gives the tabular data for Al. The numbers in parentheses 

are the percent errors. 

Figure 3 shows the integrated bremsstrahlung yields as a function of angle for Al. The 

tabular data are given in Table II. The largest deviation for the MCNP simulation and experiment 

is 14% at 90”, for both cell and detector tallies. Figure 4 shows the integrated bremsstrahlung 

yields for Be. The tabular data are given in Table III. In this case, the 90” data agree within 

statistical error for both cell and detector tallies, but the 0” cell tally differs from experiment by 

about 15%. For detector tallies for the materials studied, the calculated bremsstrahlung yields 

agree with experiment within statistics for a 68% confidence interval. For cell tallies for the 

materials studied, MCNP is usually able to predict the experimental integrated bremsstrahlung 

yields to within two standard deviations of the experimental and calculational uncertainties. 

TABLE I: INTEGRATED BREMSSTRAHLUNG YIELD VS ANGLE FOR PB 

4B 4B 
Cell Detector Faddegon 

0 
1 
2 
4 
10 
30 
60 
90 

2.64OE+OO(2.0)* 2.797E+00(0.3) 2.92E+OO(5.0) 
2.463E+00(0.8) 2.667E+OO(O.3) 2.8OE+OO(5.0) 
2.255E+00(0.6) 2.38OE+OO(O.3) 2.48E+OO(5.0) 
1.835E+OO(O.4) 1.883E+OO(O.3) 1.99E+OO(5.0) 
1.122E+OO(O.4) 1.125E+OO(0.3) 1.2E+OO(5.0) 
4.338E-Ol(0.4) 4.31OE-Ol(O.5) 4.47BOl(5.0) 
1.444E-Ol(O.5) 1.434E-Ol(O.5) 1.29BOl(5.0) 
6.029E-02(0.7) 5.860B02(0.7) 5.19E-02(7.0) 

*read as 2.640~10’ with 2.0% error 
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1o-2 

Aluminum 
Experimental data, cell tally, and detector tally 

Fig. 3. Integrated Bremsstrahlung Yield vs Angle for Al. 

TABLE II: INTEGRATED BREMSSTRAHLUNG YIELD VS ANGLE FOR AL 

Angle 4B 4B 
Cell Detector Faddegon 

0 2.gglE+O(l( 1.5)* 3.224E+WW 
1 2.802E+OO(O.6) 3.045E+OO(O.2) 
2 2.494E+OO(O.4) 2.670E+OO(0.2) 
4 1.93 lE+OO(O.3) 2.009E+OO(O.2) 
10 1.033E+OO(O.3) 1.043E+00(0.2) 
30 2.664E-Ol(0.3) 2.673E-Ol(0.3) 
60 7.284E-02(0.5) 7.278E-02(0.3) 
90 3.294E-02(0.7) 3.28OE-02(0.3) 

*read as 2.991xlO’with 1.5% error 

3.42E+OO(5.0) 
3.21E+OO(S.O) 
2.78E+OO(5.0) 
2.14E-tOO(5.0) 
1.06E+OO(5.0) 
2.65E-Ol(5.0) 
6.66E-02(6.0) 
2.87B02(6.0) 



Beryllium 
Experimental data, cell tally, and detector tally Experimental data, cell tally, and detector tally 

A- -----A detector 

Angle (degrees) 

Fig. 4. Integrated Bremsstrahlung Yield vs Angle for Be. 

TABLE III: INTEGRATED BREMSSTRAHLUNG YIELD VS ANGLE FOR BE 

Angle / 

0 2.332E+OO(1.8)* 2.588E+00(0.2) 2.73E+OO(5.1) 
1 2.176E+OO(O.7) 2.412E+OO(O.2) 2.57E+OO(5.1) 
2 1.917E+OO(O.5) 2.058E+00(0.2) 2.14E+OO(5.1) 
4 1.39OE+OO(O.4) 1.444E+00(0.2) 1.54E+OO(S.O) 
10 5.977E-Ol(0.4) , 6.03OE-Ol(O.3) 6.3OE-Ol(5.1) 
30 9.368B02(0.6) i 9.195E-02(0.3) 9.49E-02(5.1) 
60 2.294E-02(0.9) 2.265B02(0.3) 2.38E-02(5.9) 
90 l.O79E-02(1.2) l.O53E-02(0.3) l.O6E-02(7.0) 

4B 
Detector Faddegon 

*read as 2.332~10’ with 1.8% error 
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Figures 5-7 compare experimental and simulation results for the bremsstrahlung energy 

spectra for lead, aluminum, and beryllium. These plots compare the default MCNP cell tally with 

experimental data for 10”. The simulations show excellent agreement for each material, although 

MCNP deviates from experiment at very low photon energies for lead. These results show that 

MCNP can accurately calculate both the integrated bremsstrahlung yields as well as the detailed 

photon energy spectra. 

The mean energy of the bremsstrahlung spectrum for each target was also calculated and 

compared with the experimental data for a few emission angles. Table IV summarizes the results 

of these simulations. The numbers in parentheses are the percent errors. The Al and Pb results 

agreed quite well with experiment, with only the 0” data having statistically significant devia- 

tions. The Be simulation results did not track the experiment as well as the other materials did; 

the O”, 60”, 90” tallies differed by a few percent outside the 1 (T error bars. This level of agree- 

ment is sufficient to form a 68% confidence interval and shows that the calculated mean energies 

agree with the experiment within statistical uncertainty. 

aluminum 
i--k =m 4b 

06/19/97 13:05:; 
tally 4 
P 
=PS 6000000 
metal - al&tam 

-----_ --- MCBP 

Fig. 5. Comparison of experimental and MCNP cell tally bremsstrablung spectra for 
aluminum at 10”. 
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==w 4b 
06/24/97 17:25:4 

tally 4 
P 
WJs 5451159 
metal = beaatalu 

----_-- -- MCN9 

Fig. 6. Comparison of experimental and MCNP cell tally bremsstrahlung spectra for 
beryllium at 10”. 

lead 
mcnp 4b 

06/20/97 13:50:4 
tally 4 
9 
=I?~ 3693685 
mcta1 = pbaatam 

Faddog 
____ -_-__ Mcm 

Fig. 7. Comparison of experimental and MCNP cell tally bremsstrablung spectra for lead 
at loo. 
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TABLE Iv: BREMSSTRAHLUNG SPECTRA MEAN ENERGIES 

Target Angle 

Be 0 2.62 (3.2) 
10 2.08 (0.7) 
30 1.14 (1.1) 
60 0.55 (1.7) 
90 0.36 (2.3) 

Al 0 2.61(10.5) 
10 2.11(1.9) 
30 1.39 (2.0) 
60 0.84 (2.7) 
90 0.55 (3.2) 

Pb 0 3.01 (2.8) 
10 2.72 (0.7) 
30 2.216 (0.5) 
60 1.827 (0.6) 
90 1.800 (0.8) 

T Mean Energy (MeV) 

4B cell 4B detector 

2.68 (0.5) 
2.04 (0.6) 
1.14 (0.9) 
0.55 (0.9) 
0.348 (0.9) 

2.59 (1.5) 
2.09 (1.6) 
1.38 (1.8) 
0.83 (1.7) 
0.56 (1.6) 

3.08 (0.5) 
2.73 (0.6) 
2.21 (1.0) 
1.84 (1.1) 
1.84 (1.4) 

Faddegon 

2.86 (4.1) 
2.09 (3.4) 
1.15 (2.4) 
0.596 (3.0) 
0.379 (2.5) 

2.74 (3.7) 
2.17 (3.1) 
1.42 (2.9) 
0.83 (3.0) 
0.57 (2.5) 

3.22 (3.5) 
2.77 (3.0) 
2.25 (3.0) 
1.81 (2.8) 
1.84 (2.6) 

B. O’Dell et al, Experiment 

1. Experimental Methods. O’Dell et LIZ.,~ measured the thick-target bremsstrahlung 

spectra for 5.3 to 20.9 MeV electrons incident on a gold-tungsten target. The bremsstrahlung tar- 

get was 0.49 g/cm2 of tungsten followed by 0.245 g/cm2 of gold. The spectra were measured 

using a technique based on deuteron photodisintegration. This method is limited to measuring 

photon energies above 3 MeV6 The electrons were incident on the bremsstrahlung target, and the 

resulting photons interact with a secondary D20 target, which provides a source of photoneutrons. 

The neutrons produced above the D(y,n)p reaction threshold of 2.23 MeV were analyzed using 

time-of-flight techniques. This analysis gives absolute bremsstrahlung spectra in units of photons 

per MeV per steradian per incident electron. Figure 8 illustrates the experimental setup. 

2. Monte Carlo Simulation Description. The bremsstrahlung target was modeled as a 

thin cylinder of tungsten followed by a thin cylinder of gold. Simulations using 10.0 and 20.9 

MeV incident electrons were done. The secondary target was modeled with dimensions of 1.25 x 

0.25 and 0.5 x 0.25 in. for the 10.0 and 20.9 measurements, respectively. The photon spectrum 

was tallied over the entire face of the cell. This tally is important since the bremsstrahlung yield is 

fairly sensitive to angle, especially near 0O.l’ Electron and photon low-energy cutoffs were set to 

4.0 MeV, which mirror the published experimental result. As shown in Fig. 8, only the electron 
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beam and bremsstrahlung target were modeled, with the photons being tallied over the face of the 

D20 target. See Appendix B.3 for the input template. 

3. Results. Calculated and experimental bremsstrahlung spectra are shown in Figs. 9 

and 10 for incident electron energies of 10.0 and 20.9 MeV, respectively. Error bars for the exper- 

imental data are based on O’Dell’s estimate that the errors range from 5 to lo%, except at higher 

photon energies where poor counting statistics further increase the experimental error. There is 

good overall agreement between calculation and experiment at both energies. All of the points 

agree within experimental error, with the exception of the very first data point for the incident 

energy of 10.0 MeV. There also appear to be some minor discontinuities in the MCNP simula- 

tions. These are most likely statistical in nature and are not a reflection of the cross-section data. 

This fact can be verified by running the simulation for more histories. 

Table V gives the integrated bremsstrahlung yields for the Au/W target at 10.0 and 20.9 

MeV. The results for O’Dell were obtained by integrating the published spectra, whereas the 

MCNP result was automatically obtained from the cell tally. The results show that MCNP agrees 

with experiment to within 5%. 

r -- 

I 
Electron Beam 

Collimated Flight Tube 
Neutrons + 

TOF f I , Bremsstrahlung Detectors 
I target 

Au/w I 
I I 
I I 
L __------ -I 

Modeled with 
MCNP 

Fig. 8. Experimental setup for O’Dell et al. 
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10.0 MeV electrons incident on Au/W 

- MCNP4B 
0 O’Dell et al 

5.0 6.0 7.0 8.0 
Photon Energy (MeV) 

10.0 

Fig. 9. Bremsstrahlung Energy Spectrum, 10.0 MeV electrons incident on Au/W. 

C. Starfelt and Koch Experiment 

1. Experimental Methods. Star-felt and Koch9 have also measured thick target 

bremsstrahlung spectra. They report photon spectra for 9.66 MeV electrons incident on a tung- 

sten target for 0” and 12”. They used an electron beam from a 50 MeV betatron which passed 

through a system of Lucite collimators in order to minimize the angular spread of the beam. The 

electron current in the target was not measured so the spectra are not absolute. The beam was 

focused on the bremsstrahlung target by an iron-core magnetic lens. Targets were mounted on 

aluminum rings 1 mm thick with 52 mm inside diameters. The tungsten target was 5.8 g/cm2 

thick. The bremsstrahlung photons pass through an aluminum window, cadmium filter, and lead 

collimator before impinging on a NaI(T1) spectrometer. Figure 11 illustrates the experimental 

setup. 
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IO0 
20.9 MeV electrons incident on Au/W 

, ’ 8 I L g I ’ m 1”’ s ‘_ 
- MCNP4B 

0 O’Dell et al 

1O-2 
10.0 13.0 16.0 

Photon Energy (MeV) 

Fig. 10. Bremsstrahhmg Energy Spectrum, 20.9 MeV electrons incident on Au/W. 

TABLE v: INTEGRATED YIELDS FOR AU/W FOR O’DELL 

Energy 
(MeW 

O’Dell MCNP 

10.0 0.1826 (23.6,7.5*) 0.1949 (0.93) 
20.9 2.0929 (29.0,7.5) 2.1956 (0.48) 

I I I 
*first number is propagated percent error, second is per- 

cent error in each experimental data point 

15 



Bending 
Magnets Faraday cage 

Electron Beam 

Chamber 
NaI detector sur- 
rounded by lead shield 

Fig. 11. Experimental setup for Starfelt and Koch. 

2. Monte Carlo Simulation Description. Since the photon spectra were corrected for 

collimator effects and photon absorption between target and spectrometer, the only material 

included in the simulation was the target (see Appendix B.4). Electron and photon cutoff energies 

were set to 0.4 MeV. Cell and detector tallies were positioned at 0” and 12” using the same 

method as described in Section II.A.2. The cell tallies had an angular range of 0.7”, which is con- 

sistent with the experimental setup. To reconcile the differences between the relative experimen- 

tal results and the absolute MCNP calculations, the experimental data were normalized to the 

simulation at the first (lowest) energy bin. 

3. Results. Figures 12 and 13 give the 0” and 12” bremsstrahlung spectra as a function 

of photon energy, respectively. The MCNP results are cell tallies. The experimental and MCNP 

spectral shapes show good agreement for both angles and, in fact, agree within statistical uncer- 

tainty. The spectra agree particularly well for lower photon energies, which correspond to the 

highest photon yields. Error bars are not shown for the experimental data, but Starfelt and Koch 

estimate the uncertainties to range from about 3-4% at 1 MeV to 1 l-17% at 9 MeV. The experi- 

mental errors become quite large for photon energies above 95% of the incident electron energy. 

Table VI shows a cell and detector comparison for integrated yield. These results are not com- 

pared to experiment because the experiment was not an absolute measurement. These results are 

consistent with the Faddegon comparisons in that the cell tallies are slightly lower than the detec- 

tor tallies for forward angles. The values in parentheses are percent errors. 
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0 degree 

’ energy '(mev) ' 
10 

-9 4b 
10/30/97 08:35:E 

tally 4 
P 
ws 25000000 
bin normed 
metal = nw2m 

Fig. 12. Experimental and calculated bremsstrahhmg spectrum at 0” for 9.66 MeV 
electrons incident on tungsten. 

12 degrees 

Fig. 

==w 4b 
10/30/97 oe:35:: 

tally 4 

9 
DRS 25000000 
bin nonned 
m&al - nwam 

- BlcwP 
_ _ - _ _ - - _ - SixArfEP 

13. Experimental and calculated bremsstrahhmg spectrum at 12” for 9.66 MeV 
electrons incident on tungsten. 
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TABLE VI: INTEGRATED YIELDS FOR TUNGSTEN FOR STARFELT AND KOCH 

’ III. ELECTRON TRANSMISSION AND BACKSCATTER 

This section of the report describes a series of electron transmission and backscatter com- 

parisons. These calculations provide insight into the fundamental properties of Monte Carlo elec- 

tron transport. 

A. Ebert et al., Experiment 

1. Experimental Methods. Ebert et al,” give a tremendous amount of data for 4.0- 

12.0 MeV monoenergetic electrons incident on a variety of solid targets. In this study, a few of 

the experimental transmission and backscatter experiments have been simulated using MCNP4B. 

A beam of electrons of current 10 incident on a planar target is backscattered, absorbed, 

and transmitted. During some time 2, a charge Q, = 10z is incident on the target. The transmis- 

sion coefficient T is given by 

T = QT/Qo = (Q/(QB -t QA + QT)) , (5) 

where QT is the charge transmitted through the target, QA is the charge absorbed in the target, and 

QB is the charge backscattered from the target. The backscatter coefficient B is given by 

B = QB/Q~ = QB4QB+ QA + QT) . (6) 

Increasing the target thickness will only increase the backscatter coefficient to a certain limiting 

value. This effect is called the saturation backscatter coefficient. 

In this experiment, the electron beam, generated by a linac, had an energy spread of about 

1%. The beam passed through two copper collimators, chosen as a compromise between a low-Z, 

low-density material which would produce a large low-energy secondary electron background, 

and a high Z, high-density material which would produce a high bremsstrahlung background. 

The maximum beam diameter allowed by the collimators was 0.6 cm at the target. 
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